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Currently,  the  development  of  nitrogen  (N)  doped  carbon  based  non-precious  metal  ORR  catalysts  has 
become  one  of  the  most  attractive  topics  in  low  temperature  fuel  cells.  Here,  we  demonstrate  a  green 
synthesis  route  of  N-self-doped  carbon  materials  by  using  eggs  as  N  sources  combining  with  iron  sources 
and  multi-walled  carbon  nanotubes  (CE— Fe— MWNT).  After  carbonized,  such  hybrid  materials  possess  an 
outstanding  electrocatalytic  activity  towards  ORR  comparable  to  the  commercial  Pt/C  catalyst  in  alkaline 
media,  and  both  superior  stability  and  fuel  (methanol  and  CO)  tolerance  than  the  commercial  Pt/C 
catalyst,  which  provide  a  promising  alternative  to  noble  metal  catalysts  by  using  abundant  natural 
biological  resources. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Pt-based  catalysts  represent  a  state  of  the  art  in  the  electro¬ 
catalysis  of  oxygen  reduction  reaction  (ORR)  for  low  temperature 
fuel  cells  (LTFCs)  which  can  convert  chemical  energy  directly  into 
electricity  without  combustion  processes  and  with  high  energy 
conversion  efficiencies  [1  .  However,  Pt  is  both  expensive  and 
scarce,  greatly  limiting  its  widespread  implementation  in  LTFCs. 
Besides,  Pt-based  catalyst  still  suffers  from  serious  intermediate 
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tolerance,  such  as  carbon  monoxide  (CO)  poisoning  and  methanol 
crossover  as  well  as  poor  stability  in  an  electrochemical  environ¬ 
ment  [2-6  .  Consequently,  considerable  research  efforts  have  been 
devoted  to  developing  a  high  performance  noble-metal-free  cata¬ 
lyst  (NMFC)  with  earth-abundant  elements. 

Carbon  is  a  very  common  element,  which  widely  exists  in  the 
Earth.  The  heteroatom  doped  carbon  materials  not  only  exhibit 
high  catalytic  activity  and  long-term  stability,  but  also  excellent  CO 
and  methanol  poisoning  resistances  [1,7-9  .  Hitherto,  investigating 
heteroatom  doped  carbon  catalysts  for  ORR  becomes  one  of  the 
hottest  topics  in  LTFCs.  As  reported,  the  carbon  based  catalysts  have 
been  achieved  by  doping  various  heteroatoms  (such  as  N,  B,  P,  S,  Fe 
or  Co)  [3,7,10-13  .  Among  them,  transition  metal  N-doped  carbon 
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materials  have  exhibited  the  best  catalytic  performance  for  ORR 
[7,10,14].  However,  such  N-containing  compounds  are  either 
expensive  or  harmful  to  human  health,  because  most  of  N  sources 
always  derive  from  expensive  organic  monomers  containing  ni¬ 
trogen  element  or  ammonia  [15-17  .  Therefore,  the  long-term 
development  of  N-doped  carbon  electrocatalysts  with  non-toxic 
and  cheaper  N  sources  is  highly  desirable. 

Eggs  are  natural  and  widely  available  biological  materials  with 
abundant  heteroatoms  (C,  H,  O,  N,  et  al.).  It  can  take  place  of  con¬ 
ventional  N-containing  organic  compounds  or  ammonia  to  develop 
the  N-doped  carbon  catalyst,  meeting  the  requirements  for 
nontoxic  and  inexpensive  properties.  In  this  paper,  the  egg  is 
employed  as  a  N  source  mixing  with  the  transition  metal  iron  and 
multi-walled  carbon  nanotubes  (MWNTs).  After  cooked,  dried  and 
carbonized  at  high  temperatures  and  followed  post-treatments 
(PTs)  including  ball  milling,  acid  leaching  and  the  second  heat 
treatment  (as  shown  in  Fig.  1),  the  CE-Fe-MWNT  hybrid  material 
is  obtained.  Here  the  highly  graphitized  MWNTs  provide  a  robust 
matrix  for  hosting  the  active  sites  due  to  its  superior  electrical 
conductivity  and  excellent  mechanical  and  chemical  stability.  The 
electrochemical  characterization  shows  that  this  hybrid  material 
possesses  an  outstanding  electrocatalytic  ORR  activity  in  alkaline 
media,  and  both  superior  stability  and  fuel  (methanol  and  CO) 
tolerance  compared  to  the  commercial  Pt/C  catalyst.  This  work 
shows  a  good  example  for  taking  advantage  of  the  abundant  re¬ 
sources  provided  by  natural  biological  materials  as  a  promising 
alternative  for  costly  Pt-based  catalysts. 

2.  Experimental  section 

2.1.  Materials 

Eggs  were  purchased  from  local  super  market.  The  multi-walled 
carbon  nanotubes  (MWNTs,  with  ca.  80  nm  in  diameter  and  ca. 
110  m2  g-1  in  surface  area)  were  treated  in  an  aqueous  HC1  solution 
for  24  h  to  remove  the  potential  metal  impurities.  Ferric  chloride 
(FeCl3-6H20)  and  potassium  hydroxide  (KOH)  were  purchased 
from  Sinopharm  Chemical  Reagent,  and  Nation  solution  (5  wt  %) 
was  obtained  from  Sigma-Aldrich.  All  the  chemicals  were  used  as 
delivered  without  further  treatment.  Ultra  pure  water  was  obtained 
from  a  Lab.  ultra  pure  water  filter  system  with  a  resistivity 


>18  MQ  cm-1.  Rotating  disk  electrodes  of  glassy  carbon  (RDE,  5  mm 
in  diameter)  were  purchased  from  Tianjin  Aida  Hengsheng  Tech. 
Co.,  China. 

2.2.  Material  syntheses 

Eggs  were  diluted  with  an  equal  amount  of  water.  And  then 
0.1  mol  L-1  FeCl3  mixing  with  MWNT  solution  was  added  drop- 
wise  to  the  above  suspension  and  kept  stirring  for  2  h  (Fe: 
MWNT:  egg  =  0.1:  0.2:  10,  wt.  %).  The  mixture  was  cooked  in  a 
water  bath  (100  °C,  2  h),  and  then  dried  in  an  air-circulating  oven  at 
80  °C  to  obtain  the  precursor.  The  precursor  was  carbonized  at 
900  °C  in  an  inert  atmosphere.  Temperature  settings  were  as  fol¬ 
lows:  the  precursor  was  performed  at  200  °C  for  0.5  h  at  a  heating 
rate  of  2  °C  min1  in  an  inert  atmosphere,  subsequently  it  was 
performed  at  900  °C  for  2  h  at  a  heating  rate  of  5  °C  min-1  in  an 
inert  atmosphere,  and  then  the  sample  was  cooled  under  the  same 
atmosphere  from  900  °C  to  60  °C.  After  that,  the  black  carbon  was 
transferred  into  a  milling  tank  and  grinded  on  a  planetary  ball  mill 
(Nanjing  Chishun  Science  &  Technology  Co.,  Ltd.  PM)  for  4  h  at 
250  rpm.  The  resulting  black  carbon  powder  was  pre-leached  in 
0.5  M  H2S04  at  80  °C  for  8  h  to  remove  unstable  and  inactive  species 
from  the  catalyst,  followed  by  thoroughly  washed  in  de-ionized 
water  and  absolute  ethyl  alcohol,  and  then  dried  at  80  °C  under 
vacuum.  Finally,  the  product  was  heat-treated  again  at  900  °C  for 
2  h  at  a  heating  rate  of  5  °C  min-1  in  nitrogen  atmosphere  to  obtain 
the  CE-Fe-MWNT  catalyst.  The  specific  synthesis  process  of 
CE-Fe-MWNT  catalyst  is  shown  in  Fig.  1. 

2.3.  Physical  and  chemical  characterizations 

The  morphology  and  structure  of  the  samples  were  further 
analyzed  using  JSM-7100F  field  emission  scanning  electron  mi¬ 
croscope  (FESEM)  and  JEM-2100F  high-resolution  transmission 
electron  microscopy  (TEM).  Nitrogen  adsorption-desorption  iso¬ 
therms  were  recorded  at  78  I<  with  a  Micromeritics  ASAP  2020 
Brunauer  Emmett  Teller  (BET)  analyzer.  The  electronic  structure  of 
surfaces  for  the  catalyst  was  performed  using  VG-Multi-lab2000  X- 
ray  photoelectron  spectroscopy  (XPS).  Accurate  iron  content  of 
these  catalysts  was  performed  using  inductively  coupled  plasma- 
atomic  emission  spectrometry  (ICP-AES).  Raman  spectroscopy 


Fig.  1.  Schematic  of  the  synthesis  process  of  CE-Fe-MWNT  catalyst.  (A)  Cracking  the  egg  and  mixing  with  water.  (B)  Adding  FeCl3  mixing  with  MWNT  solution.  (C)  Cooking  and 
drying  it.  (D)  The  precursor  was  carbonized  in  an  inert  atmosphere.  (E)  The  post-treatment  including  ball  milling,  acid  leaching  and  the  second  heat  treatment. 
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Fig.  2.  FESEM  images  (a-c)  of  CE,  CE-Fe  and  CE-Fe-MWNT,  and  the  different  magnification  TEM  image  of  CE-Fe-MWNT  (d-f),  inset:  MWNT. 


was  carried  out  on  a  Renishaw  using  the  Ar  ion  laser  with  an 
excitation  wavelength  of  514.5  nm. 

2.4.  Electrochemical  characterizations 

ORR  activity  of  the  catalyst  was  evaluated  on  an  electrochemical 
workstation  at  room  temperature  using  a  three-electrode  electro¬ 
chemical  cell.  Counter  and  reference  electrodes  were  a  platinum 
wire  and  an  Ag/AgCl  (saturated  KCl  solution)  electrode,  respec¬ 
tively.  Working  electrode  was  constructed  with  a  glassy  carbon  disk 
electrode  (0.2  cm2)  coated  with  the  catalyst  layer.  To  prepare  the 
working  electrode,  a  homogeneous  catalyst  ink  was  made  by 


mixture  of  5.0  mg  catalyst,  25  pL  Nation  ionomer  solution  (5  wt%, 
DuPont)  and  0.475  mL  ultra  pure  water.  The  working  electrode  was 
prepared  by  loading  0.3  mg  cm-2  sample  on  a  glassy  carbon  elec¬ 
trode.  As  a  benchmark,  the  commercial  Pt/C  (20  wt%,  JM)  catalyst 
was  also  spread  onto  the  surface  of  a  glassy  carbon  disk  electrode  in 
a  similar  way,  the  Pt  loading  was  20  pg  Pt  cm-2. 

ORR  activity  was  carried  out  using  rotating  disk  electrode  (RDE) 
technique  by  linear  sweep  voltammetry  (LSV)  in  the  potential 
range  of  -0.8  to  0.2  V  (vs.  Ag/AgCl)  with  a  scan  rate  of  5  mV  s-1  at 
different  rotation  rate  from  400  to  2000  rpm  in  an  02-saturated 
0.1  M  KOH  solution.  The  tolerance  of  the  catalysts  were  investi¬ 
gated  by  LSV  and  current  vs  time  ( i—t )  chronoamperometric 


Fig.  3.  N2  adsorption-desorption  isotherms  (a-c)  and  the  pore  size  distribution  (d)  of  CE,  CE-Fe  and  CE-Fe-MWNT  catalysts,  respectively. 
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Fig.  4.  Raman  (a)  and  XPS  (b)  spectrum  of  CE,  CE-Fe  and  CE-Fe-MWNT,  respectively;  N  Is  fitted  results  and  (c)  and  relative  ratio  of  N  content  (d)  of  CE,  CE-Fe  and  CE-Fe-MWNT, 
respectively. 


response  during  a  constant  potential  at  -0.5  V  in  ((^-saturated, 
O2  +  CO  and  O2  +  3  M  CH3OH)  0.1  M  KOH  solution.  ORR  stabilities 
of  the  catalysts  were  investigated  by  i-t  chronoamperometric 
response  of  the  CE-Fe-MWNT  and  Pt/C  during  a  constant  po¬ 
tential  at  -0.35  V  at  a  rotation  rate  of  1600  rpm  in  02-saturated 
0.1  M  KOH.  After  i-t  chronoamperometric  response,  the  ORR 
steady-state  polarization  measurement  was  conducted  in  02- 
saturated  0.1  M  KOH  electrolyte  with  scanning  rates  of  5  mV  s_1 
and  rotation  rate  at  1600  rpm.  The  electrochemical  impedance 
spectroscopy  (EIS)  measurements  were  performed  under  open 
circuit  potential  with  an  excitation  signal  of  5  mV  at  frequency 
ranges  of  100  kHz  to  0.1  Hz.  The  onset  potential  (EonSet)  was 
defined  as  the  potential  at  which  the  ORR  current  is  5%  of  the 
diffusion-limited  current,  the  half-wave  potential  (E1/2)  was 
defined  as  the  potential  at  which  the  ORR  current  is  50%  of  the 
diffusion-limited  current  [18]. 

3.  Results  and  discussion 

3.2.  Morphology  and  structure 

Fig.  1  shows  the  synthesis  process  of  the  CE-Fe-MWNT 
hybrid.  The  mixed  solution  of  the  transition  metal  iron  and 
MWNTs  was  added  into  the  egg  suspension  to  obtain  the  pre¬ 
cursor.  And  then  the  as-prepared  precursor  was  cooked  in  a 


water  bath  (100  °C,  2  h),  dried  in  an  air-circulating  oven  at  80  °C 
and  carbonized  at  high  temperatures  in  an  inert  atmosphere  to 
obtain  a  very  fluffy  and  porous  carbon  material.  In  this  step,  the 
slow  heating  procedure  and  thermal  insulation  for  0.5  h  at  200  °C 
(step  D  in  Fig.  1)  was  very  important  to  increase  the  catalyst 
surface  area,  because  in  this  case  the  biomass  materials  would 
swell  besides  partially  carbonized.  [19,20].  It  was  similar  to 
making  bread.  Subsequently,  the  CE-Fe-MWNT  hybrid  was  ob¬ 
tained  through  a  series  of  post-treatment  (PTs),  which  plays  a 
crucial  role  in  promoting  the  electrochemical  performance  of  the 
catalyst,  as  detailed  in  the  previous  work  [10  .  For  comparison, 
the  samples  of  CE  (without  iron  and  MWNTs),  Fe-MWNT 
(without  eggs)  and  CE-Fe  (without  MWNTs)  were  also  obtained 
by  the  similar  way. 

Morphologies  of  the  catalysts  were  investigated  by  means  of  the 
FESEM.  Fig.  2a  and  b  shows  nearly  identical  morphologies  in  CE  and 
CE-Fe  catalysts.  However,  Fig.  3a  and  b  shows  the  BET  surface  area 
of  CE-Fe  (BET:  1,088  m2  g_1)  is  higher  than  that  of  CE  (BET: 
975  m2  g-1).  Some  iron  oxides  were  formed  in  CE-Fe  at  high 
temperatures  (Fig.  1,  step  D),  however  most  of  them  can  be 
removed  by  acid  leaching  and  subsequently  formed  a  number  of 
pores,  leading  to  high  surface  area.  Fig.  2c  shows  the  carbonized  egg 
can  be  well  combined  with  MWNTs,  which  can  also  be  observed  by 
TEM  in  Fig.  2d.  In  addition,  the  high-resolution  TEM  image  exhibits 
a  porous  structure  of  carbon  in  CE-Fe-MWNT  (Fig.  2e)  where 


Table  1 

Surface  atomic  concentrations  of  C,  N,  O  and  the  relative  ratio  of  different  types  of  N  contents  of  CE,  CE— Fe  and  CE— Fe— MWNT,  the  trace  content  of  iron  by  ICP-AES. 


Sample 

C  (at%) 

O  (at%) 

N  (at%) 

Oxidized  N  (%) 

Graphitic  N  (%) 

Pyrrolic  N  (%) 

Pyridinic  N  (%) 

Fe  (wt%) 

CE 

89.77 

7.30 

2.93 

13.01 

34.15 

16.65 

36.17 

0.297 

CE-Fe 

92.82 

4.38 

2.70 

8.88 

33.70 

12.22 

45.18 

0.829 

CE-Fe-MWNT 

94.86 

2.98 

2.16 

8.56 

34.12 

12.35 

44.96 

0.763 
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carbon  is  in  close  contact  with  the  MWNTs  (Fig.  2f).  However, 
Fig.  3c  shows  CE-Fe-MWNT  has  lower  surface  area  (BET: 
680  m2  g-1)  than  CE  and  CE-Fe  samples  due  to  the  addition  of 
MWNTs  with  relatively  low  surface  area  (BET:  110  m2  g-1).  In 
addition,  Fig.  3d  shows  the  pore  distribution  of  CE,  CE-Fe  and 
CE-Fe-MWNT,  demonstrating  a  larger  number  of  mesopores 
within  catalysts.  The  high  surface  area  can  make  the  catalyst 
possess  high  density  of  active  sites,  and  the  mesoporous  structure 
benefits  to  the  diffusion  of  ORR  related  species,  which  are  both 
conducive  to  improve  ORR  activities  [11,20,21  . 

Raman  spectrum  was  used  to  investigate  the  carbon  structure 
of  catalyst.  There  are  two  peaks  at  approximately  1340  cm-1  and 
1590  cm-1,  corresponding  to  the  D  peak  and  G  peak,  respectively 
[22,23].  As  shown  in  Fig.  4a,  the  ratio  of  7d//g  successively  de¬ 
creases  from  CE,  CE-Fe  to  CE-Fe-MWNT,  indicating  the  degree  of 
graphitization  sequentially  increases  [22  .  Higher  degree  of 
graphitization  of  CE-Fe  over  CE  is  owing  to  the  catalytic  function 
of  iron  which  accelerates  the  graphitization  substantially  at  a 
lower  temperature  (600-900  °C)  [7,8,16  .  The  iron  species  can 
interact  with  amorphous  carbon  particles,  leading  to  a  surface 
rearrangement  and  simultaneously  coordinating  with  N  and  car¬ 
bon  in  the  interstices  of  the  graphitic  layers  within  micropores, 
which  is  very  beneficial  to  improve  the  ORR  activity  16,23]. 
Among  the  samples,  the  highest  degree  of  graphitization  of 
CE-Fe-MWNT  is  caused  by  the  graphitic  structure  of  MWNTs.  The 
presence  of  2D  peak  at  ca.  2650  cm-1  can  further  confirm  the 
change  of  the  graphitic  structure  in  the  catalyst.  XPS  measure¬ 
ments  were  carried  out  to  get  a  full  understanding  of  the  surface 
composition  of  the  catalyst.  Fig.  4b  and  Table  1  shows  CE,  CE-Fe 
and  CE-Fe-MWNT  catalysts  were  predominantly  composed  of  C, 
N  and  O  elements.  ICP-AES  test  results  show  the  trace  content  of 
iron  in  CE,  CE-Fe  and  CE-Fe-MWNT  (  "able  1).  These  results 
indicate  that  most  of  transition  metal  iron  in  the  catalysts  was 
leached  out  after  the  acid  treatment,  and  only  a  few  part  of  it 
chelated  with  amino  acid  and  incorporated  in  the  carbon  matrix 
(see  below)  can  be  preserved  even  after  washed  with  concen¬ 
trated  proton  acid  [24].  Analyses  of  N  Is  spectrum  reveal  the 
presence  of  oxidized  N  (ca.  402.3  eV),  graphitic  N  (ca.  401.1  eV), 
pyrrolic  N  (ca.  400.5  eV)  and  pyridinic  N  (ca.  398.2  eV) 
[7,10,16,17,25  .  Although  the  overall  N  content  sequentially  de¬ 
creases  with  the  order  of  CE,  CE-Fe  and  CE-Fe-MWNT,  the 
relative  ratio  of  pyridinic  and  graphitic  N  in  both  CE-Fe  and 
CE-Fe-MWNT  is  higher  than  CE  (Fig.  4d),  because  iron  can  pro¬ 
mote  the  formation  of  the  pyridinic  and  graphitic  N  at  elevated 
temperatures,  which  is  consistent  with  the  earlier  work  [23].  It  has 
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Fig.  6.  EIS  of  CE,  CE-Fe  and  CE-Fe-MWNT,  inset:  the  equivalent  circuit,  where  Re\  is 
solution  resistance,  Rct  is  charge  transfer  resistance,  W  is  Warburg  element,  Qdi  is 
double  layer  capacitance. 

been  reported  that  graphitic  N  can  greatly  increase  the  limiting 
current  density,  and  pyridinic  N  can  improve  the  onset  potential 
and  wettability,  while  other  N  species  such  as  pyrrolic  N  or 
oxidized  N  have  little  effect  on  the  electrochemical  performance  of 
carbon  materials  [24,26  . 

3.2.  Electrocatalytic  activity  for  ORR 

To  investigate  the  ORR  performance,  linear  sweep  voltammetry 
(LSV)  measurements  were  performed  on  a  rotating  disk  electrode 
(RDE)  in  02-saturated  0.1  M  KOH  solution.  Fig.  5  shows  the  E0 nset 
and  E\\2  positively  shift  with  the  order  of  Fe-MWNT,  CE,  CE-Fe  and 


Fig.  5.  LSV  curves  for  CE,  CE-Fe,  Fe-MWNT,  CE-Fe-MWNT  and  commercial  Pt/C 
catalysts  in  02-saturated  0.1  M  KOH  solution  with  scanning  rates  of  5  mV  s'1  and  the 
rotation  rate  at  1,600  rpm. 


Fig.  7.  ORR  polarization  curves  for  CE-Fe-MWNT  at  different  rotating  rates  in  02- 
saturated  0.1  M  KOH  solution  with  scanning  rates  of  5  mV  s-1  (a),  inset:  K-L  plots; 
Tafel  plots  for  CE-Fe-MWNT  and  Pt/C  extracted  from  Fig.  4(b). 
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Fig.  8.  The  current  vs.  time  ( i—t )  chronoamperometric  responses  of  CE-Fe-MWNT 
and  Pt/C  in  02-saturated  during  a  constant  potential  at  -0.35  V  and  a  rotation  rate  of 
1,600  rpm;  inset:  the  ratio  of  the  J/J0  (a);  the  stability  of  CE-Fe-MWNT  is  symbolized 
by  AEi/2  before  and  after  i—t  test,  inset:  Pt/C  (b). 


CE-Fe-MWNT,  and  the  ORR  activity  of  CE-Fe-MWNT 
(£onset  =  -0.007  V,  E\\2  =  -0.133  V)  is  only  slightly  lower  than  that 
of  the  commercial  Pt/C  (JM  20  wt%)  catalyst.  In  addition,  the 
electro-catalytic  activity  of  this  hybrid  catalyst  is  comparable  to  the 
reported  N-doped  graphene  or  carbon  nanotubes  by  using  N-con- 
taining  monomers  or  polymers  as  N  sources.  A  detailed  comparison 
of  electro-catalytic  activities  of  above-mentioned  materials  for  ORR 
is  shown  in  Table  SI  (Supporting  information,  SI).  The  higher  ORR 
activity  of  CE-Fe  than  that  of  CE  is  mainly  due  to  the  addition  of 
iron,  because  the  egg  itself  with  lower  content  of  iron  (0.015  wt%) 
detected  by  ICP-AES,  is  unable  to  form  sufficient  active  sites  during 
the  high  temperature  treatment.  When  transition  metal  iron  was 
added  into  eggs,  it  would  chelate  with  the  amino  acid  in  eggs  to 
form  a  transition  metal  chelate  compounds,  which  is  similar  to  the 
porphyrin  or  phthalocyanine  [4,16,24  .  Such  compounds  have  high 
ORR  activity  after  high  temperature  treatments  in  an  inert  atmo¬ 
sphere  1,27  .  Although  ICP-AES  test  results  show  the  presence  of  a 
trace  iron  in  the  catalyst  after  the  acid  treatment,  such  extremely 
small  amount  of  iron  residuals  can  further  facilitate  the  formation 
of  catalytic  sites  and  boost  the  ORR  activity  of  the  catalyst  [24  .  In 
spite  of  the  role  of  iron  has  been  a  long-term  debated  topic  that 
whether  iron  is  necessary  for  improving  the  activity  or  not 
[3,24,28  .  The  current  wisdom  is  that  both  iron  and  N  are  needed, 
because  the  calculation  results  by  the  density  functional  theory 
indicate  the  existence  of  the  transition  metal  that  plays  a  pivotal 
role  in  initializing  the  ORR  activity  of  the  catalyst  [24,29].  CE-Fe 
and  CE-Fe-MWNT  catalysts  possess  more  iron  residuals,  leading  to 
better  ORR  activity  than  CE.  In  addition,  the  addition  of  iron  can 
promote  the  graphitization  of  carbon,  increasing  the  electron 
conductivity  which  improves  the  ORR  activity  3,4,24  .  Fig.  6  shows 
Nyquist  plots  of  EIS  of  the  catalyst.  According  to  the  equivalent 
circuit  (inset  of  Fig.  6),  the  fitted  results  reveal  that  CE-Fe-MWNT 
has  the  lowest  charge  transfer  resistance  (8.6  O  cm-2)  compared  to 


Fig.  9.  Tolerance  of  CE-Fe-MWNT  and  Pt/C.  LSVs  of  CE-Fe-MWNT  (a)  and  Pt/C  (b)  in  02-saturated,  CO  and  02-saturated  ( VColV02  =  10%),  3  M  methanol  02-saturated  0.1  M  KOH 
with  scan  rate  of  5  mV  s'1  at  1600  rpm;  i—t  chronoamperometric  responses  of  CE-Fe-MWNT  and  Pt/C  in  CO  and  02-saturated  (VCo/Vo2  =  10%)  (c)  and  3  M  methanol  02-saturated 
(d)  during  a  constant  potential  at  -0.5  V  at  a  rotation  rate  of  1,600  rpm  in  0.1  M  KOH. 
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CE  (9.9  Q  crrT2)  and  CE-Fe  (9.4  Q  cm-2).  Therefore,  compared  to 
CE-Fe,  the  ORR  activity  of  CE-Fe-MWNT  can  be  further  improved 
due  to  the  high  degree  of  graphitization  of  MWNTs  constructing  an 
excellent  charge  transfer  channel  [1,16,30].  This  suggests  that  the 
ORR  activity  of  the  catalyst  not  only  depends  on  the  amount  and 
chemical  state  of  active  sites,  but  also  appreciably  affected  by 
electron  transport  [31,32]. 

ORR  polarization  curves  for  CE-Fe-MWNT  were  further  tested 
at  various  rotating  rates  from  400  to  2000  rpm  (Fig.  7a).  The  inset  of 
Fig.  7a  shows  the  Koutecky-Levich  (K-L)  [11,13]  plots  at  a  variety  of 
potentials  for  CE-Fe-MWNT.  The  K-L  equation  as  below: 


Ill  1  1 

J  Ji  +  Jk  Bco^/2  +  Jk 

(1) 

B  =  0.62nFC0(D0)2/V1/6 

(2) 

where  J  denotes  the  measured  current  density,  Jk  is  the  kinetic 
current  density,  Ji  is  the  diffusion-limited  current  density,  w  is  the 
electrode  rotation  rate,  F  is  the  Faraday  constant  (96485C  mol-1 ),  Co 
is  the  bulk  concentration  of  O2  (1.2  x  10-3  mol  L-1),  Do  is  the 
diffusion  coefficient  of  O2  (1.9  x  10-5  cm2  s-1)  and  v  is  the  kinetic 
viscosity  of  the  electrolyte  (1.0  x  10-2  cm2  s-1).  The  average  elec¬ 
tron  transfer  number  (na)  of  the  hybrid  is  3.83  calculated  by  the 
slope  (inset:  Fig.  7a),  which  is  very  close  to  Pt/C.  The  high  ORR 
activity  of  CE-Fe-MWNT  is  further  supported  by  the  small  Tafel 
slope  of  71  mV  decade-1  (Fig.  7b)  which  very  approaches  Pt/C 
(65  mV  decade-1),  indicating  a  similar  reaction  mechanism  in 
alkaline  media  [2,3,32]. 

The  stability  test  of  catalysts  shows  that  Pt/C  suffers  from  11% 
loss  of  the  current  density  after  10,000  s  current  vs.  time  (i-t) 
chronoamperometric  reaction,  whereas  in  this  case  CE-Fe-MWNT 
only  exhibits  7%  decrease  in  current  density  (Fig.  8a).  Subsequently, 
the  half-wave  potential  decay  (AFi/2)  of  Pt/C  is  34  mV  before  and 
after  i-t  chronoamperometric  response,  much  higher  than 
CE-Fe-MWNT  (AF1/2  =  13  mV,  Fig.  8b).  We  also  investigated  the 
ORR  polarization  curves  for  CE-Fe-MWNT  and  Pt/C  catalysts 
before  and  after  accelerated  durability  test  of  5,000  cycles 
from  -0.6  to  0  V,  as  shown  in  Fig.  SI.  These  results  have  also 
confirmed  that  the  hybrid  material  is  more  stable  than  Pt/C  in 
alkaline  media.  The  ORR  activity  of  Pt/C  decreases  rapidly  due  to 
dissociation  or  detachment/aggregation  of  Pt  nanoparticles  during 
the  continuous  electrochemical  oxidation  of  carbon  supports 
[14,17  .  The  excellent  stability  of  our  catalysts  can  be  mainly 
attributed  to  the  covalent  bonding  of  the  catalytically  active  het¬ 
eroatom  to  the  carbon  framework,  unlike  the  physical  bonding  of  Pt 
over  carbon  supports  [16,33  . 

To  investigate  possible  crossover  effects,  we  tested  the  electro- 
catalytic  selectivity  of  catalysts  against  the  electro-oxidation  of 
methanol  (3  M)  and  carbon  monoxide  (CO),  respectively.  As  shown 
in  Fig.  9a,  no  activity  specific  to  methanol  or  CO  is  observed  on  the 
hybrid  material  where  the  characteristic  peaks  of  ORR  are  main¬ 
tained.  Whereas  the  electro-oxidation  of  methanol  or  CO  on  Pt/C 
seriously  retards  the  ORR  process  (Fig.  9b),  as  indicated  by  the 
decrease  of  the  oxygen  reduction.  The  i-t  chronoamperometric 
reaction  also  shows  that  the  hybrid  is  insensitive  to  CO  and 
methanol  poisoning,  whereas  Pt/C  is  rapidly  poisoned  with 
dramatically  decreased  current  density  due  to  the  blockage  of 
active  sites  on  Pt  nanoparticles  by  adsorption  of  CO  or  methanol 
oxidation  intermediate  products  (Fig.  9c  and  d)  14,34].  These  re¬ 
sults  reveal  our  new  catalyst  not  only  has  a  higher  catalytic  selec¬ 
tivity  toward  ORR,  but  also  has  excellent  stability  than  that  of  Pt/C. 
More  importantly,  considering  that  the  cost  of  raw  materials  for 
preparing  the  hybrid  material  is  much  cheaper  than  that  of  the 


commercial  Pt/C  catalyst,  it  is  a  nice  alternative  to  the  Pt-based 
catalyst  for  fuel  cells. 

4.  Conclusions 


In  summary,  we  employ  the  egg  as  N  sources  to  obtain  a  novel 
N-self-doped  carbon  catalyst  by  adding  transition  metal  iron  and 
multi-walled  carbon  nanotubes.  The  high  temperature  expansion 
property  of  the  biological  matrix  material  causes  the  catalyst  own  a 
high  surface  area  due  to  formation  of  larger  number  of  nano-pores, 
and  MWNTs  provide  a  fast  electron  transfer  pathway  for  ORR.  The 
electrochemical  tests  show  that  the  prepared  hybrid  catalyst  pos¬ 
sesses  outstanding  electrocatalytic  ORR  activity  comparable  to  the 
commercial  Pt/C  catalyst  in  alkaline  media,  and  significantly  su¬ 
perior  stability  and  immunity  for  methanol  crossover  and  CO 
poisoning  than  Pt/C.  Thus,  we  demonstrate  a  general  approach  to 
preparing  a  highly  efficient  and  durable  N-doped  carbon  catalyst 
for  ORR  by  using  abundant  natural  biological  materials. 
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